Abstract: In this paper, broadband InAs quantum-dot (QD) superluminescent lightemitting diodes (SLEDs) are grown by molecular beam epitaxy, fabricated, and then characterized. In order to achieve broadband and uniform emission spectra, the active regions contain a combination of chirped InAs QDs with different In x Al 1-x As strain-reducing layers (SRLs). It has been shown that the In x Al 1-x As SRLs can effectively enlarge the QD emission energy separation between the ground and the excited states. In this paper, QDs with increased energy separation are utilized to enable a broadband QD ensemble by adding additional QD layers with the ground state emission wavelength tuned to fill the gap in emission. In addition, we employed a short postgrowth annealing process of 30 s to further even out the emission spectra. Characterizations of the emission spectra of the as-grown QDs and fabricated QD SLEDs are performed by room-temperature photoluminescence and electroluminescence under continuous-wave (c-w) operation, respectively. In the SLED devices, a broad and uniform spectrum with a linewidth of 100 nm at 3 dB is realized at an injection current level of 100 mA, and no significant spectrum dip is observed in the entire injection current window ranging from 50 A to 100 mA.
Introduction
The development of broadband light sources and superluminescent light-emitting diodes (SLEDs) in the optical window from 1.1 to 1.3 m has drawn great interest recently due to applications in medical devices for imaging biological tissue [1] - [7] . For example, in an emerging noninvasive biomedical imaging method called optical coherence tomography (OCT), the axial resolution is determined by the bandwidth and center wavelength of the light source [8] , [9] . The emission wavelength tunability from the unique three-dimensional confinement and the broadness generated by the inherit inhomogeneity of self-assembled InAs quantum dots (QDs) has made it a great candidate in OCT and broad gain applications [10] - [15] .
Despite being considered as a promising candidate, there still remain challenges to achieve high performance QD SLEDs for OCT applications [16] - [21] . In order to achieve the broadband and high power emissions, chirped quantum dot structures have been largely investigated to combine QD layers with different emission wavelengths, where dots with different size and emission wavelength are grown in different layers and combined in the final emission [22] - [26] . However, in the chirped QD structures, the excited state (ES) emission of the QDs with longer ground state (GS) emission wavelengths is usually interfering with the shorter GS emissions from other QDs with short emission wavelengths. The different carrier dynamics and densityof-state between the GS and ES in QDs make it difficult to control the carrier distribution between the states. This results in detrimental non-uniform and non-Gaussian like emission spectra across different injection currents in the QD broadband SLEDs [27] - [30] . As a result, it is desirable to design broadband QD structures with separated ground and excited state emissions so that the emission of ES and that of GS will not be mixed with each other. It has been shown that by using large bandgap In x Al 1-x As strain reducing layers (SRLs), the QD emission will exhibit an enlarged separation between the ground and excited states [31] , [32] . Having a larger separation between the GS and ES provides an opportunity to focus on the contribution of the GS emission and accurately achieve a broad emission from a mix of differently tuned QD layers. Fig. 1 illustrates the concept of the broadband QD structures with large ground and excited stated separations, where the plot is not drawn to scale. In addition, the large bandgap of InAlAs SRL layer will also enhance the carrier confinement for improved device temperature stability [33] and reduce the spectrum blue-shift during the post growth annealing processes.
In this report, we demonstrate the growth and characterization of InAs QD broadband heterostructures achieved by combining chirped QDs with different In x Al 1-x As SRLs. In addition, a post-growth annealing technique is used to further broaden and reduce dips in the emission spectra. Finally, broadband QD SLEDs are fabricated and characterized to show broad, uniform and Gaussian-like emission spectra across a wide range of injection currents.
Experiments
The InAs QD heterostructures are grown on (001) GaAs substrates in a Veeco GEN II molecular beam epitaxy (MBE) system. In the QD characterization experiments, the QD active region is grown by initially depositing 2.6 monolayer (ML) of InAs at a growth rate of 0.1 ML/s and substrate temperature of 500°C. They are then capped with different thickness of In 0.2 Al 0.8 As and In 0.2 Al 0.8 As/In 0.15 Ga 0.75 As SRLs. It is worth noting that the combined InAlAs/InGaAs SRLs are employed for QDs with the longest ground state emission wavelength to obtain the best optical quality of QDs [31] , [33] . The total number of each type QD stacks is chosen to compensate the intensity difference of the QDs with different SRLs. To achieve a broader gain spectrum and reduce the blue shift from post growth annealing, the QDs are P-type modulation doped with beryllium at a concentration of 1 Â 10 18 cm À3 [34] . In addition, in order to achieve a uniform and flat gain spectrum, the as-grown QD structures are annealed in a rapid thermal annealing (RTA) process at 750°C for 30 s, where the samples are covered with 200 nm SiO 2 to prevent material segregation. It is worth noting that, in order to minimize material quality degradation that occurs during high temperature annealing, the annealing time in this study is significantly shorter than the ones that have been largely employed [35] , [36] . The structural and optical properties of the grown InAs QDs are investigated by atomic force microscope (AFM) and photoluminescence (PL) measurements.
In order to characterize the gain properties of the InAs QD active regions, InAs QD SLED device heterostructures are epitaxially grown by MBE, where the 10-stack combined QD active region is grown between the Al 0.4 Ga 0.6 As cladding layers. To achieve broad emission spectrum, the 10 stack combined QDs contains 4, 3, and 3 stack of InAs QDs with SRL thickness of 0 nm, 1 nm of In 0.2 Al 0.8 As and 1 nm/2 nm of In 0.2 Al 0.8 As/In 0.15 Ga 0.75 As, respectively, where the QDs with 1 nm/2 nm of In 0.2 Al 0.8 As/In 0.15 Ga 0.75 As SRLs and 0 nm SRLs and are grown at the bottom and top of the stack, respectively, to ensure the short wavelength emission is not re-absorbed through the stack. Between the 10 stack QDs, a uniform 40 nm GaAs spacer layer is inserted to prevent excess strain accumulation. The grown structure is annealed at 750°C for 30 sec. The devices are fabricated by standard photolithography, dry etching, contact metallization, and cleaving techniques, where the ridge waveguide width and the cavity length are 9 m and 1.5 mm, respectively. To prevent the SLED devices from lasing, the ridge waveguide is designed to be 7°tilted from the facets at both ends to reduce the reflection at the facets and enhance the facet mirror loss. All of the light-current (L-I) and electroluminescence (EL) measurements are performed with the SLED waveguide facets un-coated (ascleaved) on a customized probe station, where the samples are loaded with p-side up on a thermoelectric cooler (TEC) stage and device temperature is maintained at 10°C during the measurements.
As shown in the AFM image in Fig. 2(a) , the InAs QDs have an areal density of $ 7 Â 10 10 cm À2 and average size and height of 45 nm and 8 nm, respectively. Fig. 2(b) illustrates the room temperature PL characteristics of the InAs QDs with different SRL thickness and combinations. It is found that by changing the SRL thickness, the ground state emission wavelength can be effectively tuned in a range from 1260 to 1310 nm and, more importantly, with the 1 nm/2 nm of In 0.2 Al 0.8 As/In 0.15 Ga 0.85 As SRL, the QDs exhibit a ground and excited state energy separation of 113 meV. This is at least 20 meV larger than ground and excited state energy separation of InAs QDs with InGaAs SRLs [37] . As a result, it is possible to insert the other ground state emission in the final combined spectra without interfering with the excited state emissions. The ground state and excited state emission are determined from a separate power dependent PL measurement. Fig. 3(a) illustrates the power-dependent PL spectra of the 10-stack InAs QDs heterostructures including 4, 3, and 3 stack of InAs QDs with SRL thickness of 0 nm, 1 nm of In 0.2 Al 0.8 As, and 1 nm/2 nm of In 0.2 Al 0.8 As/In 0.15 Ga 0.75 As, respectively. Two prominent emission peaks at 1250 nm and 1150 nm are observed in the emission spectrum, where the broad Gaussian-like emission at 1250 nm is corresponding to the combination of the ground state emissions from the three different type of QDs and the emission at 1150 nm is the combined excited emission. Fig. 3(b) shows 3 dB bandwidth vs. pumping power. It is found that, by using the InAlAs SRLs in the QDs, the ground and excited state emission of the QDs are clearly separated; the 3 dB bandwidth varied from 109 to 197 nm is successfully achieved under the pumping power varied from 5 to 50 mW.
Characterization and Discussion
The effect of using a post-growth annealing process of 30 sec at 750°C to further broaden the spectrum and alleviate dips is illustrated in the power-dependent PL spectra of the 10-stack QD samples after the annealing process in Fig. 4(a) . For comparison, the straight and dashed curves in the inset of Fig. 4(a) show the PL spectrum of the 10-stack mixed QDs before and after annealing respectively. With the optimized and short annealing process, relatively small PL intensity degradation in the post-growth annealing process is obtained, and the spectrum blue-shift is also suppressed due to the reduced In segregation by using the InAlAs/InGaAs SRLs [38] . Fig. 4(b) shows the evolution of 3 dB bandwidth (black square symbols) and spectrum intensity dip (blue round symbols) vs. pumping power, where the 3 dB bandwidth of 205 nm is achieved at the 50 mW pumping power by combining the ground and excited state emissions and a minimum spectrum dip ∼0.6 dB is obtained as well.
Finally, Fig. 5(a) shows the L-I characteristics of the QD SLEDs at 10°C with the cavity length and waveguide width of 1.5 mm and 9 m, respectively. The ridge waveguide of the SLED is 7°tilted to the horizontal edges as illustrated in the inset of Fig. 5(a) . The superlinear L-I dependency is a signature characteristic of SLED devices due to the amplified spontaneous emission. Fig. 5(b) illustrates the EL spectra under varied injection current levels, where the spectra are measured with an ILX Lightwave optical power meter with an integrating sphere. It is found that the EL spectra of the InAs QD SLEDs exhibit a uniform broadening in the injection current ranging from 50 A to 100 mA, which corresponds to a current density J from 371 mA/cm 2 to 741 A/cm 2 , respectively. At 100 mA injection current, the InAs QD SLEDs exhibit a broad and uniform spectrum with a linewidth of 100 nm at 3 dB. The emission spectrum covers the wavelengths ranging from 1.1 to 1.3 m. In addition, there is no obvious spectrum dip observed in the SLED emission spectra across the entire pumping current window. It is worth noting that, due to the high dot density and the benefit of the optimized SRLs, the SLEDs started to lase at the injection current above 100 mA. The observed spectra are from the ground state emissions of the combined dots structures, since the QDs are excited at the much lower pumping level compared to the PL spectra in Fig. 4 . In addition, the integrated area under the EL spectra shows superlinear relationship with the injection current, which is consistent with the L-I measurement results. It is argued that, by further optimize of the waveguide design and mirror loss, incorporating antireflection coating (AR) layers, and cavity length, the dot active regions can be further pumped to involved the emission from excited states, as illustrated in our PL measurement. Finally, a SLED with emission bandwidth >150 nm can be achieved.
Conclusion
In conclusion, we report the MBE growth and characterization of the broadband InAs QD heterostructures and QD broadband SLED devices. The combined InAs QDs with different SRLs are utilized to achieve the broad emission. The post-growth annealing process can effectively broaden the emission bandwidth and reduce the energy gaps between the ground and excited states in the InAs QDs, which is beneficial to the OCT applications requiring uniform and broadband gain. The InAs QD SLED device exhibited an emission spectrum with power and 3 dB linewidth of 1.5 mW and 100 nm, respectively, at a 100 mA injection current level. Further work is under way to optimize the device efficiencies and reduce the device Joule heating. Nonetheless, the characteristics reported here indicate that the InAs QD SLED, after some improvement in growth and fabrication, can become serious contenders in various broadband applications such as OCT biomedical imaging.
